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ABSTRACT

Author: Jin, Seonah, . PhD
Institution: Purdue University
Degree Received: December 2017
Title: Development of Biosensor Materials for Sensitive Detection of Viral RNA and Foodborne
Pathogen
Major Professor: Lia A. Stanciu
Pathogen detection for clinical diagnosis, vector surveillance and control is one of the
important issues for public health and safety. Biosensing is considered as one of the promising
techniques for pathogen detection due to its potential for rapid, simple, and relatively inexpensive
detection. However, many biosensors still have limitations for commercialization. Development
of materials and new detection methods are the ways to overcome these limitations [1, 2].
This study aims to develop rapid and sensitive material platforms for detection of the
dengue viral RNA (Chapter 2 and 3) and the foodborne pathogen Escherichia coli O157:H7
(Chapter 4). Two different materials were designed and developed as candidate materials to
enhance sensitivity for the viral RNA and pathogen detection. These are a functionalized graphenebased 3-dimensional structure material for detection of Viral RNA, and gold decorated polystyrene
(PS) particles for detection of E. Coli O157:H7.
Chapter 2 demonstrates the enhanced sensitivity of functionalized graphene oxide
wrapped SiO2 particle composite (SiO2@APTES-GO) after primer immobilization for dengue
DNA and RNA detection and determines selectivity and a limit of detection (LOD) below 1fM.
The enhanced sensitivity is due to the increased surface area resulting from the wrapped structure
of the graphene oxide (GO) layer on the silica particles, while maintaining good electrochemical
properties.

xiii
Chapter 3 proposes a new method for acceleration of nucleic acid hybridization through a
neutralization treatment after oligonucleotide immobilization on the functionalized material. Here,
the simplest structure of the functionalized silica particles was used to determine the acceleration
of dengue RNA detection using sodium acetate in 90 vol % ethanol solution for a charge
neutralization process. Surface charge change due to the neutralization treatment was clearly
confirmed by zeta potential analysis. The oligonucleotide probe was neutralized by the treatment,
which accelerated the hybridization speed and decreased the electrode incubation time from 5 hr
to 30 min in low ionic strength solutions.
The sensitivities of gold-polystyrene particles (Au-PS) conjugated to antibodies are
explored in Chapter 4. The sensitivity depended on the surface coverage and core particle size.
Among all investigated conditions, the Au-PS with 0.46 µm diameter core PS, and 10% Au surface
coverage showed the best sensitivity, of 5x102 CFU·mL-1 as the LOD for E. coli O157:H7 in both
phosphate buffer solution and real food samples including apple juice and ground beef. The
sensitivity of biosensor platform can be further enhanced by the combination with a gold
reduction-signal amplification method, to reach 1x102 CFU·mL-1 LOD. This optimized surface
coverage with gold nanoparticles on the submicron sized particles was the key factor for the
sensitivity enhancement of lateral flow strip detection.
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CHAPTER 1.

l.1

INTRODUCTION

Introduction to Biosensor Technologies
Biosensors can play an important role in the field of agriculture, disease diagnosis,

environmental, homeland security, and food industry etc. The high demands for convenient,
disposable, and cost-efficient biosensor devices have been growing this market size rapidly. The
biosensor market was 14.8 billion US dollar in 2015, and was estimated that this trend will continue
to grow 8% of the average rate of revenue growth (CAGR) between 2016 and 2024 [3]. According
to the market analysis report, the electrochemical biosensors shared 71% of revenue in 2015 and
the optical biosensor market will expand the most with 8.7% CAGR as of 2024 [3].
Biosensors detect specific targets using biological recognition between a bioreceptor and
an analyte. The target analytes, which can be detected by biosensors are not only biological
materials, such as proteins, deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and cells but
also heavy metal ions [4]. A biosensor device consists of a bio-receptor for biological recognition
and a transducer converting the biological target recognition to a signal (Figure 1). Many different
kinds of biosensors have been developed using various bioreceptors and transducers since the very
first biosensor, a blood glucose sensor, was proposed by Leland C Clark in 1962 [5]. Biosensors
are able to detect many different targets using various biological recognition reactions such as
antibody-antigen immune-reactions, oligonucleotide-DNA or RNA hybridization, and enzymecatalyzed redox reactions [6].
The transducer determines the type of final signal read by the biosensor. Electrochemical
biosensors are based on electrochemical properties change, or generation of electrical signals due
to redox reactions derived from biological recognition events [2]. Electrochemical biosensors are
classified based on the evaluation method of the electrochemical properties of the sensor platform
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including amperometric, voltammetric, and impedance. Optical biosensors analyze the target
detection by recording the optical properties change upon light absorption, reflectance, emission,
or a change in an interferometric pattern [7]. Biorecognition events, such as an enzymatic
conversion generate heat and can thus change temperature during a biochemical reaction. Thermal
biosensors detect the temperature change due to the exothermal or endothermal biorecognition
between bioreceptors and analytes [8]. Piezoelectric biosensors convert a mass change due to a
biological recognition into an electrical signal using a piezoelectric material, usually with quartz
crystal microbalances (QCM) [9].

Bio-receptor
Nucleic acid ~~l'1\.,

Oligonucleotide

RNA,DNA

Antigen

Antibody

Protein, Whole cells etc·. . . . - - - - - - - - -

..

Gluarse. Lactala
Toxins, Heavy metal

Transducer

Enzyme

or
Physical ch
(Temperature,
Resistance,
Color change,
Chemical production
Mass change etc.)

Electrical
Electrochemical
Piezoelectric
Optical
Thermal
Magnetic
etc .

......._____....,.. Biosensor ....,._____,,,_,_

etc.

Figure 1. Principle of biosensor
1.1

Materials for Biosensor
An ideal biosensor should have a low limit of detection (LOD), an excellent selectivity, a

simple sample preparation, a rapid detection and analysis, good stability over a long period of time,
and cost-efficient analysis. Development of materials for biosensing platforms and for new or
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modified transducers are the important streams of biosensor research. The development of
materials for biosensor platforms can change the performance of a biosensor such as a detection
sensitivity, stability, or selectivity. The bioreceptor has to be immobilized on the surface of sensor
platform for the selective detection of target analyte. Therefore, the material has to have a
functionalized surface to allow for a successful immobilization of the bioreceptor.
The type of binding and selection of functional groups used to immobilize bioreceptors
should be carefully designed depending on the material structure, and the bioreceptor and
transducer type, because these can change not only the orientation of the bioreceptors, but also the
sensing performance of the entire biosensor platform. Physical adsorption forms hydrogen bonding
using opposite surface charge [10]. Covalent bonding is more suitable for higher stability and
stronger binding between bioreceptors and the surface functional groups of the material [11],
which is due to the sharing of electron pairs between the functional groups on bioreceptors and
material. The Biotin-Streptavidin interaction is one of the popular ways of bioreceptor
immobilization. This interaction has a high affinity [12] for immobilization but it requires the
biotin be labeled to the bioreceptor (enzyme, antibody etc.).
Nano and submicron sized particles and structured materials have been getting high
attention for highly sensitive biosensor platform [1, 2, 13-15]. There are two different types of
such materials for biosensors. One type is used for labeling and the other is a part of the substrate
material of the sensor platform. Labeling materials attach to the specific target, the analyte, which
attaches onto the sensor platform and produce readable signals based on the property changes of
labeled material resulting from the analyte binding. Gold nanoparticles and nano-structured gold
have been used for optical signal readout or surface enhanced Raman spectroscopy (SERS)
biosensors due to their localized surface plasmon resonance [14]. Colloidal quantum dots, such as
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cadmium chalcogenides and dyes are able to produce a fluorescence signal from the additional
labeling, similarly with the gold nanoparticles. It is known that the fluorescence signal can be
either quenched or have the excitation rates enhanced by combining a sensor material with gold
nanoparticles, which leads to an enhancement of the sensitivity of the detection [14, 16]. Recently,
intensive studies of biosensors using graphene and graphene-based materials in various types of
biosensor were reported due to the advantages of graphene such as high surface area, good
electrical conductivity, high stability, and high electron transfer rate [17]. In such systems,
graphene-based materials are functionalized with bioreceptors and used as a thin layer deposited
on a substrate electrode surface, to design electrochemical sensors.

1.2

Overview of This Study
The goal of this study was to develop materials and sensor platforms for pathogen detection

in two different ways using either oligonucleotides or antibodies for two different types of targets.
This dissertation provides research pertaining to the study of biosensing materials leading to
performance enhancement. In Chapter 2, a graphene-based three-dimensional material was
designed and incorporated into label-free electrochemical biosensors for viral nucleic acid
detection. A new method for acceleration of hybridization reaction between the oligonucleotide
probe and the target dengue RNA is presented in chapter 3. In Chapter 4, a structured particle
based composite, gold-decorated polystyrene particles- were brought forward as candidates to be
used in a lateral flow strip for food-borne pathogen detection.
Bacteria, viruses, and fungi are classified as pathogens infecting various hosts and leading
to disease or illness. In this study, the target pathogens were chosen due to their respective impact
on public health, which highlight the need for diagnosis, vector surveillance and control. Chapter
2 and 3 present studies on the sensitive impedance based detection of dengue virus serotype 2. It
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is important to note that the detection was one of a full-length viral RNA. The temperature effect
on hybridization reaction and impedance signal change as a function of time were investigated to
determine the incubation conditions. Three different materials were investigated: amine
functionalized silica particles, amine functionalized graphene oxide, and amine functionalized
graphene oxide wrapped silica composites. These were prepared, characterized, and used to
examine the impedance signal change using optimized conditions and then the selectivity and the
sensitivity for dengue viral RNA detection was observed in Chapter 2. Chapter 3 reports on an
acceleration method for the hybridization reaction between immobilized oligonucleotide probe and
target RNA using the amine functionalized silica particles. The change of surface charge was
determined by zeta potential analysis and the impedance signal change depending on time, as well
as selectivity reached with the acceleration method are presented in this chapter. Chapter 4
describes the gold-decorated polystyrene composite (Au-PS) development for foodborne pathogen
Escherichia coli O157:H7 (E. coli O157:H7) detection with a lateral flow immuno-strip. The
optical density change depending on the diameter size of the core polystyrene particles and the
surface coverage by gold nanoparticles were investigated and the results were compared to the E.
coli O157:H7 detection results using lateral flow immuno-strip test. The standard limit of detection
(LOD) in PBS buffer was determined using the Au-PS particle and it was compared to one of the
pathogen inoculated food samples.
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CHAPTER 2.
IMPEDIMETRIC DENGUE BIOSENSOR BASED ON
FUNCTIONALIZED GRAPHENE OXIDE WRAPPED SILICA
PARTICLES

This chapter consists the reproduced content of a manuscript by Seon-Ah Jin, Shishir Poudyal,
Ernesto E. Marinero, Richard J. Kuhn, Lia A. Stanciu, published in Electrochimica Acta, Volume
194, 2016.

2.1

Abstract
A composite of 3-Aminopropyltriethoxysilane (APTES) functionalized graphene oxide

(APTES-GO) wrapped on SiO2 particles (SiO2@APTES-GO) was prepared via self-assembly.
Transmission electron microscopy (TEM) and ATR-Fourier Transform Infrared spectroscopy
(ATR-FTIR) confirmed wrapping of the SiO2 particles by the APTES-GO sheets. An impedimetric
biosensor was constructed and used to sensitively detect dengue DNA and dengue RNA via primer
hybridization using different oligonucleotide sequences. The results demonstrated that the
SiO2@APTES-GO electrode material led to enhanced dengue RNA detection sensitivity with
selectivity and detection limit (1 femto-Molar), compared to both APTES-GO and APTES-SiO2.
The three-dimensional structure, higher contact area, electrical properties and the ability for rapid
hybridization offered by the SiO2@APTES-GO led to the successful design of a dengue biosensor
with the lowest detection limit reported to date.

2.2

Introduction
Dengue fever is one of the most important arthropod-borne viral diseases that can lead to

complications such as dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS), and
has the capacity to rapidly spread once a viral outbreak is established [18]. Tropical and subtropical
areas in South America, Africa and South-East Asia are especially affected by dengue virus
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(DENV), which is spread by mosquitoes. Moreover, global warming, intercontinental
transportation, and international travel are transforming DENV from a once limited regional
problem into a global one [19]. According to the WHO report (World Health Organization), about
40% of world’s populations is at risk of dengue and it is presently endemic in over 100 countries.
The CDC (Center of Disease Control) estimates that as many as 400 million people are infected
yearly.
Early diagnosis of dengue is crucial to decreasing medical conditions [20], such as
hemorrhage and shock from DHF and DSS, because there is no effective vaccine to prevent the
dengue virus infection. A recent large test trial on the CYD-TDV vaccine for dengue did not
provide the anticipated results. The vaccine proved to be ineffective, especially for the dengue
serotype 2, which was the predominant serotype in the test [21].
Current DENV detection methods rely on complex polymerase chain reaction (PCR) and
enzyme-linked immune-sorbent assay (ELISA). However, performing these tests require a high
time investment, and meticulous specimen preparation [22, 23]. Although the ELISA method is
less complicated than PCR, it requires several days between fever symptom emergence and
diagnosis because it is based on the detection of immunoglobulin (Ig) in blood. Thus, the test
cannot be conducted until either antibodies such as IgM [24] or IgG are produced in response to
infection.
Biosensors are bioanalytical tools that measure the presence of analytes by combining the
sensitivity of biomolecular recognition elements with a physical transduction mechanism. They
play a major role in the development of time-effective, low-cost and easy-to-use analytical tools
and are particularly suitable for miniaturization and portability. Their advantages include their high
sensitivity and specificity provided by the biocatalytic or biorecognition sensing elements. Various
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kinds of biosensors (enzyme-based, immunosensors, DNA-sensors) have been broadly studied but
only few of them have been successfully commercialized [25].
The biosensors market is expected to grow from $6.72 billion in 2009 to $14.42 billion in
2016. Most of the developed biosensors address medical needs and are used for diagnostics
purposes [25, 26]. Applications in environmental and agricultural fields, and particularly for antiterrorist activity and homeland security, are also rapidly increasing [27, 28]. For example, optical
biosensors have now the highest sensitivity, approaching theoretical limits of interface sensitivity,
which is critical for detection of drug candidates, viruses or pathogens [29-33].
Electrochemical biosensors function on the basis of correlating the electronic signal given
off upon interaction of the biological recognition element with the analyte. There are different
types of electrochemical biosensors, which measure the electrical properties of an electrode surface
and the binding kinetics of molecules. In particular, electrochemical impedance spectroscopy (EIS)
can measure the changes of the electrical properties of a surface arising from the interaction with
the captured analyte [34], while minimizing sample damage during measurements.
Graphene has emerged as a promising candidate material for electrical applications due to
its high electrical conductivity, chemical stability, and high mechanical strength [35, 36]. These
characteristics make graphene an attractive material platform for electrochemical biosensor
development. Incorporating graphene-based materials in biosensing configurations led to
enhanced sensitivity, low detection limits, and long-term stabilities for various types of biosensors
[35, 37]. In particular, graphene has been used for integration in DNA sensing platforms. Graphene
sheets functionalized with polyaniline and Au nano-particles were developed to further enhance
electrical conductivity and surface characteristics [38]. CVD-grown graphene–Pt (MPA)
nanocomposites were also reported as successful biosensing platforms for the detection of human
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C-reactive protein [39]. The chemical reactivity and high surface area of graphene allowed for a
high loading of Pt particles, which, in turn, resulted in the attachment of a large number of
antibodies, and therefore enhanced sensor performance in the detection of the human C-reactive
protein.
Graphene wrapped nanoparticles, on the other hand, exhibited excellent electrochemical
performance in batteries and capacitors [40, 41], but were rarely explored as a biosensor material.
A graphene-encapsulated nanoparticle FET biosensor for cancer biomarker detection was among
the few such reports. The detection limit for this sensor was 100 pM target breast cancer
biomarkers (HER2) [42].
Here we report on the fabrication of positively charged graphene wrapped particles and their
use as sensitive biosensor material platform for dengue DNA and RNA detection. Graphene oxide
(GO) sheets were functionalized with 3-Aminopropyltriethoxysilane (APTES) to induce a positive
surface charge before coating silica nanoparticles (SiO2). Next, the particles were incorporated
into an impedimetric biosensor and functionalized with specific primers for the detection of dengue
DNA and RNA separately. Sensitivity, selectivity, and detection limits are here reported for the
first time for a Dengue biosensor employing this type of electrode material.

2.3
2.3.1

Experimental
Biological Elements Preparation
The oligonucleotide primers, dengue complementary DNA, and non-complementary DNA,

were purchased from Integrated DNA Technologies, Inc. Serotype 2 Dengue DNA was used as
complementary DNA and West Nile virus DNA was used for the source of non-complementary
DNA. An oligonucleotide primer was designed and used as a probe for DNA hybridization and its
sequence is 5′-GGT-TGG-ATG-CGC-GCA-TCT-ATT-CTG-ACC-CAC-TGG-3′.
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The primer for RNA was designed as this sequence 5′-ATA-CAA-TGT-GGC-ATG-TCACAC-GTG-GCG-CTG-3′ and Integrated DNA Technologies, Inc. prepared the sequence of primer.
The Serotype 2 Dengue RNA was prepared using infected mosquito cell lines by extraction and
precipitation.
2.3.2

RNA Preparation
The complementary RNA was extracted from dengue virus infected mosquito cell lines.

C6/36 cells infected with dengue virus strain 16681 at an MOI of 2 after 70-80% of confluence
cell growing. The infected cells were washed using 1xPBS solution and Trizol extraction was
performed using 1 mL of Trizol LS reagent. A volume of 0.25mL Chloroform was added to the
homogenized sample, then incubated at 15-30 °C for 5 min. The solution was incubated again for
10minutes at the same temperature after vigorous shaking for 15 sec. After incubation, the sample
was centrifuged at 12,000×g for 15 min. under the 4°C of constant temperature environment. RNA
was precipitated using isopropanol after collecting the upper aqueous phase and incubated for 10
min. at 15-30 °C after then centrifuged at 12,000×g for 10 min. The precipitates were collected
and washed using 75% ethanol and 7500xg centrifugation at 4 °C for 5minutes. The washed
precipitates finally resolved in RNase free water after drying.
2.3.3

Materials Synthesis

2.3.3.1 Silica Particle Preparation
Silica particles were synthesized by the modified Stober method [43]: 9.01 mL of DI water,
50 mL of ethanol (100%, KOPTEC) and 1.37 mL of ammonium hydroxide (NH3 28 ∼ 30%,
Sigma-Aldrich) were mixed together and 3.2 mL of tetraethyl orthosilicate (TEOS, 99%, Fluka)
was added drop-wise into the mixed solution. After 1 hour, the synthesized particles were
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separated from the mixed solution using an ultracentrifuge (Eppendorf AG 22331, Hamburg,
Germany) spinning at 14.5 krpm, and then repeatedly washed using ethanol at least six times. The
washed particles were first dried at 80 °C for 6 hours and then were grinded into fine particles.
Subsequently, they were heat-treated in air at 110 °C for 24 hrs. The end product was finally
grinded again.
2.3.3.2 Graphene Oxide Preparation
Graphite powder, 0.85 gr, (99.9995%, Alfa Aesar) and 23 mL of H2SO4 (95~98%, SigmaAldrich) were stirred for 8hrs. Next, 3.0 gr of KMnO4 (≥99%, Sigma-Aldrich) was slowly added
at a temperature below 20 °C. The mixture was then heated at 40 °C while constantly stirring it for
thirty minutes, and at then for an additional 45 minutes at 40 °C. The solution was next diluted
with 46 mL of deionized water (DI) and heated at 100 °C for 30min. The oxidation reaction was
terminated by adding 140 mL of DI water together with 10 mL of H2O2 solution (30%, Macron)
after being cooled down to room temperature. The oxidized graphite particles were washed and
filtered several times using a 10% HCl (37%, Sigma-Aldrich) solution with DI water, then dried
at 60°C under vacuum. Exfoliation was conducted to ultimately synthesize GO sheets by using a
bath sonicator (Cole-Parmer 8891; Cole-Parmer, Vernon Hills, IL, USA) and a Branson digital
sonifier (Branson, Danbury, CT, USA).
2.3.3.3 Positively Charged Graphene Oxide Preparation
Positively charged graphene oxide was prepared using 3-Aminopropyltriethoxysilane
(APTES, 99%, Sigma-Aldrich) by the reflux method. 20 mg of GO was first dispersed in 100 mL
of toluene (99.8%, Sigma-Aldrich). The GO dispersed solution was degassed using nitrogen gas
(99.995%) for 15 min to remove oxygen within the solution, then 0.6 mL of APTES was injected
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into the mixed solution. The solution was stirred for 3 hrs at 30 °C in a nitrogen atmosphere and
then refluxed at 110 °C for 10 hrs under an inert nitrogen gas environment. The APTES graftedGO (APTES-GO) was rinsed several times with toluene, ethanol and DI water, using an
ultracentrifuge. APTES-grafted SiO2 particles were prepared through the reflux method, similarly
to the preparation of APTES-GO.
2.3.3.4 Positively Charged SiO2 Particle Preparation
The graphene oxide (GO) sheets were prepared through chemical oxidation of graphite
particles by a modified Hummer’s method [44]. The oxidized graphene was washed and dried
under vacuum environment then finally exfoliated via ultra-sonication. An amount of 0.1 gr of
SiO2 particles and 150 mL of ethanol were mixed together using ultra-sonication for 30 min, and
then the solution was degassed using nitrogen gas. A volume of 0.5 mL of APTES was injected
into the degassed solution under nitrogen gas atmosphere and the mixture solution was refluxed at
80°C for 6 hrs afterwards. The functionalized SiO2 was washed several times with ethanol and DI
water using an ultracentrifuge.
2.3.3.5 Functionalized Graphene Oxide Wrapped SiO2 Particle Composite Preparation
Each material was dispersed in aqueous solution using 12 mg of APTES-GO, 4 mg of
SiO2 particles and DI water separately. The APTES-GO solution was dropped into the SiO2
dispersed solution under ultra-sonication, then stored for 24 hrs. The coagulated SiO2@APTESGO composite was rinsed using an ultracentrifuge with DI water several times.
2.3.4

Material Characterization
Microstructural observations were performed using a FEI-Tecnai Transmission Electron

Microscope (TEM), to confirm the morphology and size of SiO2 particles, as well as the
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microstructure of the SiO2@APTES-GO composite. The surface charge was measured using a
Malvern Zetasizer (Nano Z, Malvern, UK). We employed 0.02 wt% of material dispersed DI water
solution to check Zeta (ζ) potential. The Smoluchowski model was used in order to convert from
the electrophoretic mobility to ζ potential. The functional groups present before and after selfassembly synthesis of the composite were confirmed via ATR-FTIR spectroscopy using a
Spectrum 100 FTIR spectrometer (Perkin Elmer, Waltham, MA).
2.3.5

Electrochemical Characterization
Biosensor platform was fabricated on a 5 mm platinum electrode. Functionalized material

was dispersed on the Pt electrode than primer was immobilized on the material coated electrode
that finally incubated in DNA or RNA solution for hybridization. A platinum electrode was first
cleaned by polishing with alumina paste and washing by sonication with DI and ethanol solution,
and subsequently used for biosensor platform fabrication. A concentration of 0.2 wt.% of the
positively functionalized material (APTES-SiO2, APTES-GO, and SiO2@APTES-GO) solution
was prepared using DI water. A volume of 20 µl of the mixture was dropped on the Pt electrode,
and then unadsorbed materials were removed by washing with DI water after 10 min.
The primer was immobilized on the positively functionalized material layer at room
temperature; excessive primers that were not successfully immobilized were removed after primer
immobilization, 40 minutes for DNA target and 2 hrs for RNA target separately, through rinsing
with DI water. The electrodes were incubated with various concentrations (10 pM, 1 fM, and 1
aM) of complementary DNA and 10 pM non-complementary DNA in a 10 mM PBS solution at
60 °C for 5 hrs. Finally, the electrodes were washed with DI water to remove unhybridized DNA.
RNA hybridization was separately conducted under same conditions with that of DNA
hybridization under the various concentration of RNA in RNase free water.
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Electrochemical impedance spectroscopy (EIS) was performed in 10 mM PBS containing
10 mM K4[Fe(CN)6]4−/K3[Fe(CN)6]3− electrolyte using a Biologic potentiostat (SP-150, Bio-Logic
SAS, France). A three-electrode electrochemical cell for EIS analysis was prepared with the asfabricated biosensor electrode as a working electrode, a Pt wire counter electrode, and an Ag/AgCl
reference electrode. Impedance spectra were recorded in the frequency range of 100 mHz to
100 kHz, with 10 mV amplitude at open circuit voltage (OCV). Using the impedance data, the
charge-transfer resistance (RCT-layer) of APTES-SiO2, APTES-GO, and SiO2@APTES-GO,
respectively, of an immobilized primer layer (RCT-primer), and of a hybridized complementary DNA
or RNA layer (RCT-COM) were analyzed using the Randles’ model [45].

2.4

Results and Discussion
The positively charged APTES molecules were grafted on SiO2 particles and GO sheets to

facilitate immobilization of negatively charged dengue primers for dengue DNA or RNA target on
the surface of each material. The surface charge of each individual material component was
determined through ζ potential measurements before the self-assembly process of the composite
material. All the APTES included samples, APTES-SiO2, APTES-GO, and SiO2@APTES-GO,
clearly showed positive surface charge values; the ζ potential of SiO2 particles was −34.7 mV and
it changed to a positive potential of +29.9 mV after the reflux with APTES, while that of GO was
−43.3 mV, changing to +24.4 mV after reflux treatment (Fig. 2.1). These changes in the ζ potential
showed that the APTES molecules were successfully anchored on the surface of these materials.
The APTES-GO sheets and SiO2 particles were used towards the self-assembly of the
SiO2@APTES-GO composite. The driving force for the self-assembly process is the electrostatic
attraction between the two components. Opposite charges and an adequate ζ potential gap are
necessary for a successful self-assembly process. The SiO2 particles display a negative charge (-
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34.7 mV) while the APTES-GO sheets have a positive charge (+24.4 mV), leading to selfassembly through electrostatic interaction. The ζ potential gap between these components is 59.1
mV, which, based on literature values, is sufficient for the self-assembly process to proceed [46,
47]. Hu et al. reported on the successful self-assembly of graphene–metal oxide composites with
a 53.3 mV ζ potential gap between TiO2 nanosol and reduced GO nanosheets [46].

(a) Si02
_..,_ (b) APTES-Si02
-T-

(d) APTES-GO
-□- (e) Si02 @APTES-GO

----

---+- (c) GO

::>
.
..c
s....
4:
.._..
+-'

C
:::J

0
(_)

-80

-60

-40

-20

0

20

40

60

Potential (mV)
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and (e) SiO2@APTES-GO composite.
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Figure 2.2. TEM image of as-prepared (a) SiO2 particle, and (b) SiO2@APTES-GO composite.
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The microstructure of SiO2 particles and SiO2@APTES-GO composites were evaluated
through TEM analysis. The SiO2 particles were synthesized through a modified Stober method,
and Fig. 2.2 (a) clearly shows spherically shaped SiO2 particles. The SiO2 particle size and particle
size distribution was extracted from several TEM images using the ImageJ software (not shown
here). The results indicate a uniform size distribution, and an average particle size of 206 nm. TEM
also confirmed that the APTES-GO sheets successfully covered the SiO2 particles. Fig. 2.2 (b)
shows the morphology of the SiO2@APTES-GO composite, including the wrapping of the
functionalized GO around the silica particles. Moreover, this composite showed a positive value
of the ζ potential (+16.7 mV), which suggests the presence of positive functional groups on the
surface of composite material that are further available for electrostatic interaction with the
negatively charged oligonucleotide primers (Fig. 2.1).
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Figure 2.3. FTIR spectra of (a) SiO2, (b) APTES-GO, and (c) SiO2@APTES-GO composite.
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Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy was
performed to confirm the presence of APTES in the APTES-GO and SiO2@APTES-GO samples.
Fig. 2.3 shows the ATR-FTIR spectra of each SiO2 particles, APTES-GO sheets, and their
composite, SiO2@APTES-GO. The peak at 1602 cm−1 appeared after the self-assembly process of
SiO2@APTES-GO, it is observed in all APTES containing samples, and can be attributed to the
presence of the N-H bending vibration from the amine groups in APTES. Ou et al. [48] reported
the presence of a large peak at 1652 cm−1, which was observed when a sample containing the ionicbond of the amine group interacted with the anionic carboxyl group of GO. However, a peak
representative of the ionic-bond was not observed in our results for any APTES-containing
samples. This suggests that the main functional group of all the positively charged materials, i.e.
APTES-GO, APTES-SiO2, and SiO2@APTES-GO, is an amine group.
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Figure 2.4. Nyquist impedance plot of (a) SiO2 (b) APTES-GO, and (c) SiO2@APTES-GO
composite.
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Fig. 2.4 shows the results of impedance spectroscopy measurement for the SiO2@APTESGO composite, as well as for SiO2 and APTES-GO. All the impedance data were analyzed using
an equivalent Randles circuit, and the interfacial charge transfer resistance (ΔRCT) of each layer
(RCT-layer) was calculated from subtracting RCT of the bare Pt electrode from the RCT of the coated
electrode with APTES-GO, APTES-SiO2, and SiO2@APTES-GO, respectively. The RCT of the
bare Pt electrode was evaluated for every experiment and the average value was 8.9 ±1.25 Ω. The
calculated RCT-layer values for APTES-GO, SiO2, APTES-SiO2, and SiO2@APTES-GO were
2.91 ± 0.4 Ω, 3.67 ± 0.6 Ω, 3.76 ± 0.5 Ω, and 2.72 ± 0.4 Ω respectively. The interfacial RCT in the
APTES-GO and SiO2@APTES-GO systems was observed to be lower than that of bare SiO2
particles. Despite the higher resistance of the silica core, the SiO2@APTES-GO has a measured
interfacial RCT as low as the one for APTES-GO. This indicates that the resistance of the graphene
oxide dominates the interfacial RCT of SiO2@APTES-GO, which is in good agreement with other
reports in the literatures [49, 50]. These results are also an indirect indication of the good coating
of SiO2 particles with APTES-GO sheets.
The amine functional group in APTES-GO, APTES- SiO2, and SiO2@APTES-GO has the
ability to bond to the negatively charged oligonucleotide primers and immobilize it on the
electrode. Subsequently, the immobilized primer binds to the dengue complementary DNA or
RNA target through hybridization, thus confirming the presence of dengue in the analyte. Although
this process seems straightforward, if the electrode is not saturated with primer, false positive
results are possible due to the capacity of the amine group from APTES-GO, APTES- SiO2, and
SiO2@APTES-GO to bind to any negatively charged molecules, including non-complementary
DNA. To eliminate this challenge, a non-complementary DNA hybridization test was performed
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using APTES-SiO2 to observe whether the degree of saturation with primer, and hence selectivity,
depends on the time of the primer immobilization (Fig. 2.5).
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Figure 2.5. ΔRCT versus 10pM non-complementary DNA target depend on the primer
immobilization treatment time of APTES-SiO2

The interfacial RCT of the non-complementary DNA that was hybridized on the electrode
was calculated from the impedance results before and after non-complementary DNA
hybridization on the coated layer of primer immobilized APTES-SiO2 electrodes. A positive
interfacial RCT would result from the non-complementary DNA binding with the amine groups on
the surface of APTES-SiO2. Non-complementary DNA was bound to the APTES-SiO2 after 10
minutes of primer immobilization, as indicated by the increase in the interfacial RCT after noncomplementary DNA hybridization. As the primer immobilization time progressively increased to
40 minutes, the interfacial RCT values decreased. Thus, it was confirmed that 40 minutes of primer
immobilization time are necessary for full coverage of the amine groups on APTES-SiO2.
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The dependence of temperature for complementary DNA hybridization of APTES-SiO2 was
also investigated, in an effort to optimize a DNA hybridization conditions for the primer sequence.
Generally, DNA hybridization is performed at higher than room temperature for polymerase chain
reaction (PCR), and the way the aging temperature is selected dependent on the primer sequence.
Moreover, previous reports showed a wide temperature range for dengue DNA hybridization.
Andul et al. [51] and Deng et al. [52] hybridized dengue DNA at room temperature, while
Nascimento et al. [53] performed the same experiments at 40 °C, and Rai et al. tested at 45 °C for
serotype 2 DNA detection [22]. We tested the hybridization of dengue DNA at different
temperatures to reveal the optimum conditions of our primer for a shorter sensor response time
(Fig. 2.6). The interfacial RCT of the hybridized complementary DNA (RCT-COM) was also
calculated from impedance results before and after 5 hrs of DNA hybridization. The RCT-COM
increased up to 60 °C, which was observed to be the temperature for the maximum measured
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resistance. Further increasing the temperature to 70 °C resulted in lower RCT-COM values than at
60 °C. Since the primer melting temperature is 67.4 °C, we attribute the decrease in RCT-COM at
70 °C to the fact that this temperature is rather close to the melting temperature, it may result in
some degradation. We conclude that an increase in temperature generally results in an acceleration
of dengue DNA hybridization up to a maximum temperature of 60 °C.
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The 60 °C temperature, and five hours hybridization time were subsequently used for all
experiments. Every DNA and RNA hybridization test was repeated three times and all the reported
interfacial resistance values from the hybridized target onto the electrode represent the average
value of the data (Fig.2.6, Fig.2.7, and Fig.2.8-a,b). To understand the effect of particle
morphology on the hybridization performance the behavior of each of these positively charged
materials, the APTES-GO, APTES-SiO2, and SiO2@APTES-GO, during complementary DNA
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hybridization were compared to each other. Each electrode material was exposed to a
concentration of 10 pM dengue complementary DNA. Fig. 2.7 depicts each of the three electrodes’
measured interfacial charge-transfer resistance, RCT-COM, upon DNA hybridization. The RCT-COM
values for APTES-GO, APTES-SiO2, and SiO2@APTES-GO were 6.37 ± 1.97 Ω, 22.22 ± 1.7 Ω,
and 33.29 ± 1.24 Ω, respectively. It is apparent that APTES-GO had the lowest interfacial RCT
upon complementary DNA hybridization, while APTES-SiO2 showed a higher interfacial RCT
value than APTES-GO. This could be an indication of the advantage that the increased contact
area between target solution and electrode surface stemming from the spherical morphology of the
silica particles confers to complementary DNA hybridization. The increased contact area was
confirmed by a larger double-layer capacitance of the 3-dimensional structure (20.38 ± 1.01
µF/cm2, SiO2@APTES-GO) than that of the 2-dimensional structure (16.43 ± 0.99 µF/cm2,
APTES-GO). This automatically leads to an enhancement of sensitivity and a lower detection limit
for the biosensor. At the same time, it is to be noted that SiO2@APTES-GO showed a higher
average interfacial RCT of hybridized complementary DNA than both APTES-GO, and APTESSiO2, rendering SiO2@APTES-GO as the most effective electrode material for the sensitive
detection of dengue.
The DNA hybridization results were converted to the relative value to allow a direct
comparison to the results of a recently reported dengue DNA impedimetric sensor based on
AuNpPANI particles [53]. The relative value (ΔRCT%) was calculated using the value of interfacial
RCT of the hybridized target divided by RCT value before the hybridization of the biosensor
platform, which is the same equation used by Nascimento et al [53]. According to this previous
report, the AuNpPANI particles showed a change of 87.5% of ΔRCT%, upon the detection of 10pM
dengue DNA. In our work, the ΔRCT % values obtained upon 10pM DNA hybridization of APTES-
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SiO2 and SiO2@APTES-GO composite were 120.4% and 223.4%, respectively. Our graphene
oxide coated silica spherical particles with a 206 nm diameter were more sensitive than
AuNpPANI particles and our composite showed more than twice the sensitivity value due to the
decreased electron-transfer resistance resulting from the APTES-GO coated on the SiO2 particles
and enhanced hybridization ability of the functionalized composite.
Selectivity of SiO2@APTES-GO was also tested in this work (Fig. 2.9, and Fig. 2.8-a). The
primer immobilized SiO2@APTES-GO selectively hybridized with the target complementary
DNA. The interfacial RCT upon non-complementary DNA hybridization was 2.34 ± 4.56 Ω a value
below the error range while the interfacial RCT from DNA hybridization using 1 fM
complementary DNA solution was 26.87 ± 5.79 Ω. Thus, we can state with confidence that the
primer immobilized on SiO2@APTES-GO was effective in selectively hybridizing dengue DNA.
The dengue complementary RNA hybridization was performed using oligonucleotide primer
for dengue serotype 2 RNA to verify the RNA sensing ability of the electrode materials. The
materials showed the same sensitivity trends as for DNA hybridization. Fig. 2.10 and 2.8-b shows
the results of the RNA hybridization for 10 pM and 1fM for APTES-SiO2 and SiO2@APTES-GO.
SiO2@APTES-GO clearly showed a higher RNA hybridization sensitivity than APTES-SiO2 as
well as the DNA hybridization (Fig. 2.10). The average RCT-COM values measured upon 10pM RNA
hybridization were 33.11 ± 11.09 Ω for APTES- SiO2, and 52.81 ± 6.25 Ω for SiO2@APTES-GO,
respectively. All the values measured for RNA hybridization at same concentration condition are
larger than those for DNA hybridization, which may be due to the longer RNA sequence than
DNA and knot-like structure of RNA. It is possible that the larger size and more tightly folded
structure of RNA can inhibit the charge transfer at the electrode surface to a higher extent than
DNA, which is smaller and has a more of a linear structure.
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Further experiments were performed to determine the limit of detection (LOD) of the
SiO2@APTES-GO based dengue biosensor. Thus, the complementary dengue DNA solution was
diluted to 1femto-molar concentration and subsequently exposed to the electrode material for
hybridization. The results (Fig. 2.8-a) show slightly lower interfacial RCT value of SiO2@APTESGO to for the 10 pM dengue DNA solution, proving that the biosensor is capable to detect dengue
at concentration levels as low as 1 femto-molar. We can thus state that it is likely that all primer
molecules immobilized on SiO2@APTES-GO were hybridized with the complementary DNA
down to a 1fM concentration under the reaction conditions. The LOD of RNA hybridization was
also observed using 1 fM RNA solution (Fig. 10 and Fig. 2.8-b). The interfacial RCT-COM value of
SiO2@APTES-GO showed similar hybridization ability regardless of the RNA concentration. Fig.
2.8-b shows the interfacial RCT-COM value of SiO2@APTES-GO for 1fM RNA hybridization, which
was similar (48.91 ± 4.47 Ω) to the value for 10 pM RNA hybridization (52.81 ± 6.25 Ω). In this
sense, the RCT-COM values upon dengue DNA and RNA hybridization in a 1 fM concentration target
DNA or RNA were three times above noise level (standard error), suggesting that even lower
concentrations of dengue could be detected by this system. To the best of our knowledge, this is
the lowest reported LOD for a label-free electro-chemical biosensor for dengue DNA and RNA
detection [54-56].
The superior performance of SiO2@APTES-GO compared to APTES-GO and APTES-SiO2
in terms of selectivity, sensitivity and detection limit is attributed to the synergistic effect of the
higher contact area of the spherical morphology, combined with the electronic properties of GO
[41]. It is now a well-known fact that functionalized graphene/graphene oxide materials display
high electro-catalytic activity owing to a fast electron transfer rate when these materials are
employed in such systems.
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2.5

Conclusions
In summary, a functionalized graphene oxide wrapped SiO2 particle composite has been

successfully developed for the design of a sensitive impedimetric biosensor for dengue DNA and
RNA. TEM, FT-IR spectra, and impedance results successfully proved the effectiveness of the
synthesis procedure towards wrapping of the SiO2 particles with APTES-functionalized GO sheets.
The impedance data indicated that SiO2@APTES-GO was an excellent electrode material for each
dengue DNA and RNA using different primer for each target, resulting in superior selectivity and
a dengue detection limit below 1fM. The high contact area and fast electron transfer capabilities
make SiO2@APTES-GO a promising electrode material platform to be transferred towards the
fabrication of other electrochemical based biosensing systems.
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CHAPTER 3.
ACCELERATION OF NUCLEIC ACID
HYBRIDIZATION BY OLIGONUCLEOTIDE NEUTRALIZATION IN
VIRAL RNA SENSORS

3.1

Abstract
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Figure 3.1. Graphical abstract: Principle and the effect of neutralization treatment

We address the issue of low hybridization speed stemming from negative charges existing
in both oligonucleotide probes and target nucleic acids in the context of nucleic acid biosensors
for pathogen detection in general, and viral genome diagnostics in particular. We designed a new
method to neutralize the surface charge of oligonucleotide probes by charge neutralization with
sodium acetate in 90 vol% ethanol solution. In a validation experiment proving the proposed model,
this neutralization treatment increased the hybridization speed for a dengue viral RNA impedance
biosensor by a factor of ten, from 5 hours to 30 minutes. Zeta potential measurements confirmed
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that the charge on the DNA probes immobilized on the sensing electrodes shifted away from
negative to neutral.

3.2

Introduction
Despite limitations of bioreceptor function and cost, reproducibility issues and

manufacturing difficulties, current technological advances give hope that biosensors could become
in high demand for a large array of industries, including biomedicine, clinical diagnosis,
environmental monitoring, and military applications. Among these, nucleic acid biosensors and
microarrays, which recognize nucleic acids by hybridization have been developed by various
strategies [57-61]. DNA and RNA biosensors use oligonucleotides as probes that have sequences
designed to specifically recognize the nucleic acid sequence of a target pathogen (virus, bacteria)
and relate the binding event to a measurable signal, generally electrical or optical. Then, the read
signal is translated into a reported target concentration. Intense investigations of nucleic acid
biosensors with or without labeling for various types of biosensors were conducted due to the great
potential for obtaining sequence-specific information. This detection method has the advantage of
being relatively cheaper and faster [62, 63] than the direct sequencing method [57] and it can also
do both detection and amplification via simple base-pair hybridization. However, the target nucleic
acid recognition speed is generally still too slow to meet the criteria for the on-site and point of
care diagnostics applications.
Many DNA-based nano-biosensors reported detection within a very short response time
of around one minute, when the targets are short complementary nucleic acids [64]. However, viral
nucleic acids, which are the real genome of viruses have a much longer length than normal probe
nucleotides [65, 66] and thus the hybridization times are much longer. Because of this challenge,
many nucleic acid sensors used previously prepared and amplified target complementary DNA
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with short length to perform detection. The previously reported base-pair coupling times are quite
different from each other and depend on the incubation temperature, the target sequence length,
and the ionic strength of the incubation solution for hybridization. Khan et al. reported a DNA
microarray platform for viral genome detection. The authors targeted viruses transmitted by small
mammals and arthropods. The reported microarray allowed a temperature of 65°C and overnight
incubation for hybridization to occur [67]. Grinev et al. developed a microarray for the West Nile
virus genome detection and their hybridization conditions were a temperature of 45 °C for 2~4
hrs[68]. A much faster, 30 minutes hybridization was reported by Deng et al., using a 31 base-pair
dengue complementary DNA target for an impedance DNA biosensor with a nanoporous alumina
membrane. However, in another report, paring of approximately 400 base-pairs of amplified
dengue DNA took overnight at 45 °C for slot-blotting [69].
Common methods to control hybridization speed are changing temperature [70] and the
ionic strength of the test solution. A simple way to control ionic strength is through increasing salt
concentration. For example, a five times enhanced hybridization speed was observed in 50mM
Magnesium chloride buffer solution than in 1mN magnesium chloride buffer [71]. As reported in
literature, the most effective way to achieve hybridization acceleration through designing ways to
counterbalance the repulsive force barrier between a probe and a target nucleic acid. For example,
in a report, chemically modified peptide-oligonucleotide conjugates were able to accelerate the
hybridization reaction [72]. Dave et al. investigated the effect of organic solvents and reported
increased hybridization speed in organic solvents [73]. A 100-fold hybridization enhancement at
1M target concentration using an isotachophoresis (ITP) method was reported by Bercovici et al.
[74] This study used DNA molecular beacons as a probe and synthetic DNA oligonucleotide as
target to quantify the hybridization reaction kinetics [74]. A target DNA pre-neutralization using
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2 M ammonium acetate for slot-blotting of amplified dengue virus cDNA was reported by Henchal
et al. Although these authors used neutralized complementary DNA, they performed hybridization
overnight at 45 °C for slot-blotting [69]. A nucleic acid sensor with a peptide nucleic acid (PNA)
probe was developed and proposed due to the advantages of PNA for many different target nucleic
acid hybridization including human genomic DNA [75], HeLa mRNA [76], amplified dengue [77] ,
CYP2C9 enzyme gene[78], and Hepatitis C Virus [79] fragments. PNA is a synthetic nucleic acid
that has a peptide backbone that replaces the sugar phosphate backbone of DNA [80]. The peptide
backbone has a neutral charge which gives advantages such as superior thermal stability of PNADNA hybrids and a high hybridization affinity and specificity for the hybridization reaction [81,
82]. However, PNA is much more expensive compared to the price of oligonucleotides.
The major aim of this study is to develop a simple and low cost method for enhancement
of the hybridization rate in nucleic acid electrochemical biosensors for virus detection. For
demonstration purposes, the method is tested on a nucleic acid platform that accelerates detection
of dengue serotype 2 (DENV2) RNA by employing a neutralization treatment by ethanol sodium
acetate solution after oligonucleotide probe immobilization on an electrode. This method not only
modifies the charge of the nucleic acid probes using low-cost chemicals, but also enhances the
hybridization speed of nucleic acid sensors under low ionic strength without the use of special
buffers, and is easily transferable to most nucleic acid in-vitro diagnostic devices for pathogens.

3.3
3.3.1

Experimental
Oligonucleotide Probes and Target RNA Preparation
The same sequences of the oligonucleotide probe and dengue RNA as a positive control

(DENV2-RNA) previously reported by the authors were chosen for this study[83]. The probe for
DENV2-RNA detection was designed and prepared with the sequence 5’-ATA-CAA-TGT-GGC-
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ATG-TCA-CAC-GTG-GCG-CTG-3’ by Integrated DNA Technologies, Inc. The DENV2-RNA,
and mosquito RNA as negative control for selectivity confirmation, were prepared by the same
procedure reported in the previous study [83]. DENV2 RNA infected and uninfected mosquito cell
lines were extracted and precipitated as a positive and negative control, respectively.
3.3.2

Material Synthesis and Surface Charge Measurements
3-Aminopropyltriethoxysilane grafted silica (APTES-SiO2) particles were prepared by the

same procedures previously reported by the authors in 2016[83]. Silica particles with an average
diameter of 208nm were prepared by a modified Stöber method and used for this study [84].
Chemicals used were ethanol (100%, KOPTEC), ammonium hydroxide (NH3 28~30%, SigmaAldrich), and tetraethyl orthosilicate (TEOS, 99%, Fluka). The synthesized particles were
separated with an ultracentrifuge (Eppendorf AG 22331, Hamburg, Germany) and then washed
six times with ethanol. The particles were dried at 80 °C for 6 hrs and ground for size refinement.
Finally, the particles were heat-treated at 110 °C for 24 hrs and ground again. A positive surface
charge on the SiO2 particles was induced by using the reflux method, overnight, with 3Aminopropyltriethoxysilane (APTES, 99%, Sigma-Aldrich) and ethanol (100%, KOPTEC)[83] at
80 °C. Finally, a 0.2 wt.% suspension was prepared after washing first with pure ethanol four times
and then twice with nanopure water.
A suspension of APTES-SiO2 particles with oligonucleotides probes immobilized at their
surface (Probe-APTES-SiO2) was prepared via a self-assembly process. Briefly, a 10 µM probe
oligonucleotides solution was prepared and incubated with a 0.02wt% APTES-SiO2 aqueous
suspension for 2 hrs at 25 °C for the immobilization of the probe at the APTES-SiO2 surface to
occur. The resulting probe-APTES-SiO2 particles were washed with nanopure water after
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removing all the supernatant by centrifugation (14.5 krpm, 15 mins). Then, the particles were
suspended again in the same volume of nanopure water.
To neutralize the surface charge of the Probe-APTES-SiO2 particles, they were dispersed in
the 0.3 M sodium acetate in 90 vol.% ethanol solution for 10 mins. Then, the particles were
subjected washing and resuspension with nanopure water.
A Malvern Zetasizer (Nano Z, Malvern, UK) was used for the confirmation of the surface
charge the 0.02 wt.% positively charged particles used as electrode materials, the Probe-APTESSiO2 particle solution, as well as for surface charge measurement of the particles after
neutralization with sodium acetate. The collected electrophoretic mobility was converted to zeta
potential by the Smoluchowski model [85].
3.3.3

DENV2 Biosensor Preparation
The DENV2 electrochemical biosensor platform was prepared by drop casting sensing

materials on a platinum electrode after cleaning the electrode surface by polishing with alumina
paste, and washing. Twenty µl of 0.2 wt.% APTES-SiO2 particle suspension covered the 5mm
platinum electrode for 10 mins to prepare the first, APTES-SiO2, layer on the Pt electrode. After
washing with nanopure water, the oligonucleotide probe (DENV2 complementary DNA), with the
sequence 5’-ATA-CAA-TGT-GGC-ATG-TCA-CAC-GTG-GCG-CTG-3’ was immobilized on
the APTES-SiO2. The APTES-SiO2 layered electrode was immersed in a 10 µM oligonucleotide
solution and incubated for 2 hrs at 25 °C. The neutralized electrode was prepared using the sodium
neutralization buffer. The probe immobilized electrode was immersed in 0.3 M sodium acetate in
a 90% ethanol solution for 10 mins and then washed with RNase-free water. To test the platform
ability to detect DENV2-RNA, electrodes were then incubated with 10 pM of target DENV2-RNA
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solution or 4.5 µg/l mosquito RNA in an RNase-free water solution at 60 °C for different times
(10, 20, 30, and 60 mins) and the electrode was rinsed with RNase-free water.

3.3.4

Electrochemical Characterization
Electrochemical impedance spectroscopy (EIS) was performed to record detection response

via surface impedance change, using a three-electrode electrochemical cell with a biosensor
electrode, a Pt wire counter electrode, and an Ag/AgCl reference electrode, in 10 mM PBS
containing 10 mM Fe(CN)64−/Fe(CN)63− electrolyte. The impedance spectra was recorded at open
circuit voltage (OCV) in the range of 100 mHz to 100 kHz, with 10 amplitude using a Biologic
potentiostat (SP-150, Bio-Logic SAS, France). All the impedance spectra were analyzed using the
Randles’ model to confirm the charge transfer resistance, RCT, of an electrode [45].

3.4

Results and Discussion
A conventional nucleic acid sensor typically includes oligonucleotide probes, also called

capture probes, which produce biological recognition of target nucleic acids such as DNA and
RNA. In electrochemical set ups, these oligonucleotide probes are immobilized either directly on
electrode surfaces, or on the surface of other materials that the electrode surface was first covered
with and that are amenable to a more effective immobilization than the electrode surface is. The
materials coating the electrodes have high surface areas and appropriate electrical properties to
generate a signal in response to the hybridization reaction with the target DNA or RNA. The
oligonucleotide probe is negatively charged due to the phosphate groups in its backbone structure,
regardless of how it was immobilized on the sensing surface. At the same time, the target DNA or
RNA molecules are also negatively charged. This produces a repulsive force between the
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oligonucleotide probe and target nucleic acids, which usually results in a determent of the
hybridization reaction and a slow response of nucleic acid based sensors [86]. To address this
challenge, the hypotheses driving this work are: i. The physically-immobilized oligonucleotide
probes on the APTES-SiO2 particles have enough charge strength to create a repulsive force
between the surface of the sensor and target molecules; ii. the surface charge on the electrode can
be neutralized by cation adsorption by the probes’ phosphate groups, and iii. The probe-target
hybridization reaction speed can be controlled and depends on the strength of the surface charge
of the oligonucleotide containing electrodes after the charge blocking.
Based on our previous report on the impedimetric detection of DENV2, we used positively
charged silica particles (APTES-SiO2) with a 209 nm mean diameter as one of the materials for
probe immobilization on the impedance sensor platform as a case study that can be extended to
many other nucleic acid detection systems. The surface charge variation before and after
oligonucleotide probe immobilization, as well as after the charge neutralization treatment with
sodium acetate was confirmed by zeta potential measurements. The surface charges of the APTESSiO2 (Fig. 3.2-a), the probe immobilized APTES-SiO2 (Probe-APTES-SiO2) (Fig. 3.2-b), and the
supernatant after probe immobilization (Fig. 3.2-c) were confirmed to be +34 mV, -22.2 mV, and
-47.1 mV, respectively. The SiO2 particles have a negative charge initially, which turns into a
positive charge after APTES grafting due to the amine groups in APTES. These results are in line
with the previous results reported by our group [83]. The positive charge of the APTES grafted
particles captured the negatively charged oligonucleotide probe via electrostatic forces. The
oligonucleotide immobilization resulted in a large change of the surface charge, from +34 mV to
-22.2 mV. This surface charge shift towards a negative value suggests the successful
immobilization of ssDNA primers on the surface of APTES-SiO2. Here, an important observation
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is that the surface oligonucleotide probes still have a negative charge after the immobilization. The
supernatant, a dispersion of the oligonucleotide probes in nanopure water, also showed a strong
negative charge of -47.1 mV due to the oligonucleotides that did not bind electrostatically with the
APTES-SiO2. Sodium acetate salt dissolved in an ethanol solution was used to neutralize the
negative charge of the probe-APTES-SiO2 material on the sensing electrode surface. The process
of salt neutralization is well known to accelerate DNA precipitation in the ethanol solution [87].
Often a 0.3 M sodium acetate in 70~90% ethanol solution is used for DNA precipitation [87, 88]
and was therefore used in this work also.
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Figure 3.2. Zeta potential distributions of (a) APTES-SiO2, (b) Probe-APTES-SiO2, (c)
Neutralized probe-APTES-SiO2, and (d) Supernatant with free probe solution
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After the neutralization treatment, the surface charge of Probe-APTES-SiO2 particles
shifted from -22.2 mV to -2.14 mV, which is a value that is close enough to zero to indicate a
significant degree of charge neutralization by the sodium cations from solution. Subsequent zeta
potential measurements indicated that the salt solution treatment can maintain the effect of charge
neutralization even after the electrode was repeatedly washed with nanopure water. The nanopure
water washing steps weren’t able to detach and remove the cations from the electrode surface. We
speculate that the low dielectric constant of ethanol, the solvent used for making the sodium acetate
solution played a role in the production of the strong interaction between the sodium cations and
the probe during neutralization. According to Coulomb's Law, the electrostatic force between two
ions with opposite charge varies depending on the dielectric constant of the solvent. Therefore,
ethanol, which has a lower dielectric constant than that of water, makes it possible to produce a
stronger electrostatic adsorption between the primer backbone and the sodium cation than water
like the mechanism of the DNA precipitation.
The entire goal of the charge neutralization with sodium acetate was to enhance the
hybridization speed, thus reduce the response time of impedance based oligonucleotide diagnostics
devices, with a case study on the dengue flavivirus presented here. The results of the
electrochemical impedance measurements upon target DENV2 RNA hybridization at the electrode
surface are presented in Figure 3.3. The Nyquist plots show the impedance properties of the same
electrode before neutralization (Fig.3.3-1), after neutralization treatment (Fig.3.3-2) and after 10
pM DENV2-RNA incubation for 10, 30 mins and 1 hr (Fig. 3.3.-3~5). The 3.3-1 and 3.3-2 Nyquist
plots show that the diameter of the half circle slightly decreased after the neutralization treatment.
We can infer that the surface electrical properties of the electrode changed after the salt treatment.
This could be because: i. the surface resistance of the electrode changed upon the sodium cations
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being attached and/or ii. there was a change in the accessibility of the negative redox ions in
electrolyte due to the neutralization. The redox ion concentration could be different near the treated
electrode from near the non-treated electrode due to the surface charge, which in turn can lead to
a change in the charge transfer resistance, RCT. Therefore, the decreased RCT of the electrode
surface after treatment could also be indirect evidence of the charge neutralization and the presence
of sodium ions. We believe that while this slight resistance change cannot make a large difference
in sensor’s response, it can still give additional aid for enlarging the impedance signal change after
target detection.
The RCT of the neutralized electrode increased depending on the incubation time with
target RNA and it became saturated after 30mins. The average values of the RCT change for three
different attempts of hybridization with DENV2-RNA were plotted in Figure 3.5. This change in
surface resistance RCT is connected to the level of DENV2-RNA hybridization. The average RCT
changes when detection of DENV2-RNA was attempted with the neutralized electrode versus the
non-salt treated electrode are shown Fig. 3a and 3b respectively. The average RCT of the neutralized
electrode showed the same trend as the RCT change in Figure 3.3, increasing for up to 30 minutes,
followed by stabilization at the same level after this period of time. All the RCT of the neutralized
electrode showed higher RCT response than the non-treated electrode. Interestingly, the saturated
RCT change of the neutralized electrode surface after 30 min hybridization with target RNA is
equivalent to the RCT change after 5 hrs incubation of the non-treated electrode at the same
condition which was 30.19±3.83. Moreover, this 30 mins of incubation for hybridization is shorter
than the 1hr of incubation time that was reported for a PNA-based silicon nanowire (SiNW) sensor
that was tested for 69 base-pairs of dengue serotype 2 complementary fragments detection [77]. In
other types of sensors, incubation times are difficult to compare directly with each other.
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Figure 3.3. Nyquist impedance plots of (1) probe-immobilized electrode, (2) neutralized electrode,
(3) incubated electrode with DENV2-RNA for 10 mins, (4) incubated electrode with
DENV-RNA for 30 mins, and (5) incubated electrode with DENV2-RNA for 1hr
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However, the enhanced hybridization speed compared to the PNA-based sensor has a high
significance due to the possibility of replacement of PNA with a neutralized DNA probe. The PNA
has much higher price than DNA oligonucleotide and it can be a possible obstacle for PNA-based
microarray construction [89]. Therefore, the nucleic acid sensor platform with DNA oligo probes
and neutralization treatment can be used as an alternative and cost-effective way for any type of
nucleotide sensor, while maintaining the advantages of PNA such as high sensitivity and
selectivity due to the fast hybridization. Moreover, the 30 mins response time to DENV2-RNA
presence at the picomolar level was achieved using the target dengue RNA, which has a 13,751
base-pair length. When the target RNA has a long sequence, there is high probability for creation
of secondary and tertiary structures, which hinder hybridization between oligonucleotide probe
and target RNA[90]. This neutralization treatment requires only 10mins of treatment during
electrode preparation step, and it showed 10 times faster detection results. This response is even
faster than for PNA based sensors that detect much shorter length targets. Overall, the
neutralization treatment successfully changed the surface charge of oligonucleotide functionalized
electrodes and accelerated the hybridization reaction with DENV2-RNA 10 times compared to the
non-treated electrode.
Besides proving that the salt treatment is beneficial in accelerating hybridization and
therefore the response time in nucleic acid sensors that can detect viral RNA, the selectivity of
detection must still be addressed to eliminate the possibility of false responses. A selectivity test
with mosquito RNA in RNase-free water was used as a negative sample and incubated in the same
conditions as for DENV2-RNA. Figure 3.4. shows the impedance results before and after
incubation with mosquito RNA. The charge transfer resistance decreased after incubation
regardless of time (Fig. 3.4-3~5). Here, the reason for the lower RCT after incubation with mosquito
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RNA is not clearly understood yet, however, the same phenomenon was observed and reported by
Zheng et al. on impedance sensors [91] The results of zeta potential analysis and these selectivity
results prove not only that the salt-treatment can change the surface charge of the electrode, but it
doesn’t detach the oligonucleotide from the surface of the electrode. Last, the decrease in the
electrode RCT after the negative control RNA incubation clearly confirms that the mosquito RNA
didn’t non-specifically bind on the sensor surface and all the signals registered after DENV2-RNA
incubations are target specific.

44

-+-(1)
~ {2)
~ {3)
~ (4)

Probe immobilized electrode
Neutralized electrode
Incubated electrode with mosquit~RNA for 10mins
Incubated electrode with mosquit~RNA for 30mins
---(s) Incubated electrode with mosquit~RNA for 1hr
10

250

..-..

5

E

.c
0
.._..

200
0

~

so

40

n,
C

150

E

100

60

·-n,tl0

NI

so

0

0

so

100

150

200

250

300

Z Real {Ohm)
Figure 3.4. Nyquist impedance plots of (1) probe-immobilized electrode, (2) neutralization
electrode, (3) incubated electrode with mosquito RNA for 10 mins, (4) incubated
electrode with mosquito RNA for 30 mins, and (5) incubated electrode with mosquito
RNA for 1hr

45

45

...

~C

~ ~
c:::

fa~

... u
u

....

~

(a) Neutralized electrode
(b) Non-treated electrode

35

olj'

~

~

40

;

~
V,

30
25

20

o ·v;

15

Qt> ._

10

a, a,

C

n,

.c

u

5

0

20

40

60

DENV2-RNA incubation time (min)
Figure 3.5. Change of charge-transfer resistance (RCT) after target DENV2-RNA hybridization
depending on the incubation time of (a) neutralized electrode and (b) non-treated
electrode

3.5

Conclusions
A surface charge neutralization treatment of capture probes in a DENV2-RNA impedance

sensor as a model for nucleic acid sensing expedited the hybridization reaction and thus lowered
the DENV2-RNA detection time. The enhanced hybridization affinity of the neutralized probe
enabled a decreased incubation time while maintaining the signals that are the increased charge
transfer resistance of electrochemical impedance spectroscopy with excellent selectivity compared
to mosquito RNA negative controls. This method can be applied to any type of nucleic acid sensors
and microarrays which use oligonucleotides as probes. Future fundamental studies can be
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conducted to investigate oligonucleotide properties after neutralization and will provide more
information such as hybridized bonding strength and conductivity of the probes after neutralization.
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4.1

Abstract
Conventional lateral flow immunoassays for pathogen detection usually make use of gold

nanoparticles to impart the color necessary for a readout. Unfortunately, these immunoassays
require an extra-long time enrichment process before the detection. The synthesis of golddecorated polystyrene particles (Au-PS), and their incorporation in a lateral flow immunoassay
(LFIA) with improved sensitivity for detection of the model pathogen Escherichia coli O157:H7
(E. coli O157:H7) were described in this article. The synthesis of the Au-PS particles occurred
through the citrate reduction method. Then the particles underwent surface modification through
coating with branched polyethylenimine, followed by grafting of the anti-E. coli O157:H7
antibody. The effect of Au-PS particle size and of the surface coverage on the detection limit of
the assay was investigated. The Au-PS particles with 0.46 µm PS and 10% Au surface coverage
achieved 500 CFU·mL-1 limit of detection (LOD) for E. coli O157:H7 in apple juice, ground beef,
and spiked buffer solutions. Furthermore, these particles achieved 100 CFU·mL-1 LOD when the
secondary a signal amplification reaction via gold reduction method was used. While the antibodyantigen interaction has a well-known role in detection, a precise optimization of the Au-PS
particles used in LFIA assays can significantly affect performance. In our perception, Au
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nanoparticles coverage on sub-micron sized polystyrene particles was the critical factor that
allowed reaching the reported low concentration of E. coli O157:H7 in real food samples.
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Figure 4.1. Graphical abstract: Microstructure of gold-decorated polystyrene (Au-PS) particles and
a schematic illustration for the detection of Escherichia coli O157:H7 by a lateral flow
immunoassay strip containing the same.

4.2

Introduction
Food safety is one of the major concerns of public health and its importance is rising.

According to an estimate by the World Health Organization (WHO), 600 million in the world
suffer from foodborne illness symptoms every year, and about 420 thousand cases are fatal. Major
foodborne and waterborne pathogens include Campylobacter, Salmonella, Listeria monocytogenes,
and Escherichia coli O157:H7 [92]. Among these, E. coli O157:H7 is one of particular concern
because it can cause severe illnesses such as hemorrhagic colitis with symptoms such as bloody
diarrhea and hemolytic uremic syndrome (HUS) [93-96]. Outbreaks of infections related to E. coli
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O157:H7 have been traced to beef and pork products, raw milk, and fruit juice [97-101]. E. coli
O157:H7 is a common indicator for contamination of food or water, so the detection of E. coli
O157:H7 is essential to determine the safety of the food [102].
There are several methods that can be used for detection of foodborne pathogens such as a
culture-based standard microbiological technique, a nucleic acid-based method, and an
immunologic-based method [103]. The standard microbiological culture method uses a lengthy
target enrichment process (24-48 hrs of primary and secondary enrichment) and plate incubation
(18-48 hrs) [104]. Alternative methods, although sensitive, detect E. coli O157:H7 in the
laboratory by using specialized instruments [105-107]. Other methods use lamp and fluorescence
detection [14] potentiostats or impedance analyzers [106], or PCR equipment for DNA
amplification [107]. Paper based sensors for pathogens are an attractive alternative due to their
simplicity and low cost [108]. Among these, lateral flow immunoassays (LFIA) are simple, quick
and best known to consumers as a home based diagnostic method due to public familiarity with
the pregnancy test strip. These test strips feature short response times (10-30 minutes) and ease of
handling in the field by personnel without special laboratory equipment and training [109].
However, the sensitivity of the existing LFIA test strips for foodborne pathogen detection is still
too low and does not meet the requirements for bacterial detection in real food samples. These
detection kits that use conventional gold nanoparticles (Au-NP, 20~40 nm) need a pathogen
enrichment process of 8 to 20hrs prior to being able to be used [94, 110], partially negating their
fast response promise. Eliminating the enrichment step will lead to true rapid and simple detection
of foodborne pathogens, and this is thus the focus of this work.
Au-NPs are most often used for colorimetric detection due to their localized surface
plasmon resonance [111]. Spherically shaped Au-NPs were reported in LFIA strips that can detect
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down to between 4×104 and 105 CFU·mL-1 of E. coli O157:H7 [112, 113]. Some attempts to
improve sensitivity of these tests focused on changing the size and shape of gold-based materials
[113-115]. However, the limit of detection (LOD) of these assays is still insufficient for detection
of pathogen in real food samples. Signal enhancement methods [112, 116-119] can further lower
detection limits. In one report, the authors developed a secondary Au reduction method [112],
which was applied to the LFIA with conventional gold conjugate (30nm). In this approach, a
secondary reaction increases the particle size after target detection using a silver or gold salt and a
reducing agent. Parolo et al. and Cho et al. reported enhanced sensitivity using a gold nanoparticleassisted enzyme signal amplification, which produces a secondary signal from the enzyme
catalysis following the target detection [116, 117]. One other attempt to enhance the sensitivity
reported on the design of a dual gold nanoparticle lateral flow immunoassay, which demonstrated
enhanced sensitivity [118, 119]. However, all these signal enhancement methods have to use a
secondary reaction after the target detection, thus adding an extra step to the process, increasing
the total detection time and negatively affecting simplicity promised by a paper based sample-toanswer assay.
Here, we investigate the effect of the gold decorated structure of the conjugated particles
on the ability to provide a simple and fast sample-to-answer pathogen detection kit that can be
used in real food samples. Our results show that distribution of Au nanoparticles on the surface of
lightweight polystyrene particles leads to enhanced sensitivity compared to conventional Au-NPs
used in other studies and commercial kits. Our objectives are: (1) to develop a simple, rapid and
sensitive LFIA test strip, and (2) to explore the relationship between the Au-PS particles
architecture and pathogen detection sensitivity.
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4.3
4.3.1

Material and Methods
Material Synthesis
Au-PS particles were prepared by the citrate reduction method using gold chloride

trihydrate (HAuCl4·3H2O, ≥99.9%, Sigma-Aldrich, http://www.sigmaaldrich.com) and trisodium
citrate dihydrate (USP testing specifications, Sigma-Aldrich). Commercial polystyrene beads (PS)
were purchased from Sigma-Aldrich, with mean diameters of 0.1 µm (10% solid, 1mL, LB1,
Sigma-Aldrich), 0.3 µm (10% solid, 1mL, LB3, Sigma-Aldrich), and 0.46 µm (10% solid, 2mL,
LB5, Sigma-Aldrich). A number of 1011 PS particles were dispersed in nanopure deionized water
(DI) and sonicated for 15 mins. Gold chloride trihydrate was dissolved in the PS particle
suspension to prepare 0.17, 0.35, 0.87, 1.74, and 2.6 M Au solutions for the 5, 10, 25, 50, and 75%
surface coverage of Au-PS, respectively. Then the mixture was stirred for 30 mins at room
temperature after adding trisodium citrate dihydrate into the mixture with the molar ratio 1:35
gold:trisodium citrate dihydrate. The mixture was then placed into a preheated oil bath and heat
treated at 100 °C for 15 mins, which resulted in Au nanoparticles formation on the PS particle
surfaces. Next, the particles were washed three times with DI water by repeating the following
steps: centrifugation (10 krpm, 15 mins), supernatant removal, addition of the same amount of DI
water, and sonication for redispersion of the pelletized particles. For B-PEI coating, the Au-PS
particles were dispersed into the 13wt.% branched polyethylenimine solution (B-PEI, average Mw
~25,000, Sigma-Aldrich) and stirred for 4 hrs. The B-PEI-coated particles were dispersed in 1 mL
DI water after washing four times with DI using the same procedure performed after the citrate
reduction.
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4.3.2

Antibody Conjugation
Goat anti-E. coli O157:H7 antibody (Polyclonal IgG, KPL, www.seracare.com) was

conjugated with the B-PEI-coated Au-PS particles. B-PEI-coated 1x1010 Au-PS particles were
dispersed in 0.4 mL of 50 mM 2-(N-Morpholino)ethanesulfonic acid hydrate (MES, 99%, SigmaAldrich) buffer solution after pH adjustment to pH 6 using 25% NaOH solution. Four mg 1-Ethyl3-(3-dimethylaminopropyl)carbodiimide

hydrochloride

(EDC,

Thermo

Fisher,

www.thermofisher.com), 8 mg N-Hydroxysuccinimide (NHS, Thermo Fisher), and 25 µg anti-E.
coli O157:H7 antibody were added to the Au-PS solution, and the final mixture solution was stirred
for 2hrs at room temperature. Seventy µL 2% Tween20 (40%, Sigma-Aldrich) and 1 mL blocking
solution (10% BSA, KPL, www.seracare.com) were serially mixed together and stirred for 1hr to
block the antibody and unconjugated amine group. The particles were then washed two times with
5% BSA solution by repeating centrifugation (10 krpm, 15 mins), and finally dispersed in 300 µL
blocking solution.
4.3.3

Material Characterization
The microstructures of the Au-PS particles were observed by a FEI-Tecnai transmission

electron microscope (TEM). The surface zeta potential of 0.02 wt.% particle solution was
measured by a Malvern Easier (Nano Z, Malvern, UK) to confirm gold reduction, B-PEI coating,
antibody conjugation, and the blocking process. UV-vis spectra and optical density at 520 nm were
obtained by a Spectra Max M5 spectrometer (Molecular Devices).
4.3.4

Lateral Flow Immunoassay Strip Fabrication
The strip was prepared by a procedure reported by Cui et al. [109]. Briefly, a 33 mm

nitrocellulose membrane (Hi-flow plus HFC12002, EMD Millipore, www.emdmillipore.com) and
a 20 mm absorbent pad (cellulose fiber, EMD Millipore) were assembled on a backing card
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(HF000MC100, EMD Millipore) and cut to a 4 mm width. 0.5 gr·L-1 Goat Anti-E. coli O157:H7
antibody (Polyclonal IgG, KPL, www.seracare.com) and 1 gr·L-1 Anti-Goat IgG antibody
(Polyclonal IgG, KPL, www.seracare.com) were dropped on the test line and control line,
respectively, and then the strip was dried at least for 15 mins at room temperature.
4.3.5

Immunoassay Test and Image Analysis Procedure
Volumes of 80 µL test solution with known bacteria concentrations, ranging from 1x106 to

5x102 CFU·mL-1 (Figures 4.6-a and 4.7-a), obtained via conventional plating, and 8 µL antibodyconjugated Au-PS particles were mixed together and then placed into one well of a microtiter plate
to allow for the particles to capture the bacteria in the test solutions. Next, the 5-6 mm of the end
tip of the LFIA strip was dipped into each well. The solution in the well (Au-PS particles plus
bacteria test solution) moved up to absorption pad by capillary motion (see graphical abstract).
The strip was thus incubated for 20 mins to allow particles and the bacteria to move up the strip
and react with the antibodies previously immobilized at the control and test lines, and then removed
from the well and dried at room temperature. Control samples with no bacteria and with Listeria
Monocytogenes were also included in this test, as control samples to verify assay selectivity for E.
Coli O157:H7. Images of the test strips response upon incubation with the tested solutions were
obtained for each strip using the camera of an iPhone 6s and then the images were analyzed with
the ImageJ program. Briefly, first a line was drawn on the image of each strip from below the
absorption pad to below the test line. The line profile of a tested strip was obtained by the “plot
profile” function in ImageJ Program. The background of the line profile was removed using the
baseline correction function of Origin program and then the areal intensity of the peak at the test
line position was obtained from the peak area and plotted in Figures 4.6 and 4.7. The presence of
a peak at the control line indicates the presence of color at the control line, which is evidence the
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test is functioning. The presence of a peak at the test line, on the other hand, indicates that there is
color present at the test line, which is evidence of a positive test for E. coli O157:H7. Conversely,
the absence of a peak at the control line indicates a negative reading for E. coli O157:H7 presence
in that particular solution.
4.3.6

Bacteria Culture Solution Preparation and the Culture Plating Method (Bacteria
Concentration Confirmation)
E. coli O157:H7, Salmonella sv. Typhimurium, and Listeria monocytogenes were collected

from frozen stocks and inoculated in 20 mL Luria-Bertani (LB) media (BD Difco, Franklin Lakes,
NJ, www.fishersci.com). The inoculated medium was incubated at 37 °C while shaking at 110 rpm
for 16~20 hrs, and then the grown cells were washed out three times by repeating the centrifugation
(6000 rpm, 3 mins 25 sec) and suspending the bacterial cells in an equal volume of 0.1 M
phosphate-buffered saline (PBS, pH 7.0). The cell numbers of E. coli O157:H7, Salmonella sv.
Typhimurium, and Listeria monocytogenes were confirmed by the selective plating method using
MacConkey agar (BD Difco, Franklin Lakes, NJ, www.fishersci.com), XLT-4 agar (BD Difco,
Franklin Lakes, NJ, www.fishersci.com), and Modified Oxford agar (MOX) (BD Difco, Franklin
Lakes, NJ, www.fishersci.com), respectively. All the culture solutions were diluted by a serial
dilution using 0.1M PBS solution and 0.1 µL of diluted E. coli O157:H7 solutions was dispersed
on the agar plates. The number of colonies was counted after the plate incubation at 37 °C for one
to two days and then the colony number was converted to the concentration, CFU·mL-1 , using the
volume of solution dispersed on the agar plate (0.1 µL) and level of the serial dilution of the
solution dispersed on the agar plate [120].
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4.3.7

Food Sample Test
Ground beef (90% lean 10% fat) and apple juice purchased from a local supermarket were

used for the food test. An amount of 25 gr ground beef, 225 mL 0.1M PBS buffer (pH 7.0), and
250 µL E. coli O157:H7 solutions with different concentrations (5x105~108 CFU·mL-1) were put
into a sterile stomacher bag with a filter (400mL, Gosselin™ Sterile polyethylene blender bags
with lateral filter, www.fishersci.com) and homogenized by the stomacher 400 Circulator (Seward
Ltd, England) for 30sec. The inoculated 1 mL sample was collected from the homogenized
samples and moved into a 1.5 mL vial, and then the 80 µL of the liquid upper layer was used to
test the strip.
The apple juice was adjusted to pH 7.0 with 25% NaOH solution (Avantor, Center Valley,
PA, www.fishersci.com), and the 1x108 CFU·mL-1 of the initial apple juice solution was prepared.
The 1x102 ~106 CFU·mL-1 of the apple juice samples were prepared by a serial dilution using the
inoculated initial solution and the same apple juice as the diluent. The 107 CFU·mL-1 negative
controls (Salmonella sv. Typhimurium, and Listeria monocytogenes) were prepared in the same
way as the beef and apple juice. The positive and negative control samples were used for the LFIA
test strip right after the preparation, and the bacteria concentration of all the positive and negative
samples was finally confirmed by the plating method using selective agar plate incubation.

4.4

Results and Discussion
There is a strong demand for new paradigms for the design and development of novel

materials that can be included in diagnostics devices that push forward the state of the art in
detection technologies. Yet, after the initial rapid advancement of nanotechnology, challenges
related to nanoparticles’ propensity to aggregate, and difficulties in architectural control of such
nanomaterials remain. Here, we focused on achieving such architectural control by testing 15
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different structural and microstructural parameters for Au-PS, and subsequently test them for E.
coli O157:H7 detection. The premise here was that a proper selection of reporter materials’
chemistry, together with a distribution in a three dimensional structure to maximize output signal,
can lead to controlled aggregation and push down detection limits.
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diameter
For all tested configurations, Au nanoparticles were dispersed on three differently sized
(0.1, 0.3, and 0.46 µm) PS submicroparticles with surface coverages ranging between 5 and 75%.
All the particles were designed under the assumption that uniform gold nanoparticles with a 20nm
diameter are dispersed on PS particle surface. Variations in optical densities (OD) can be used to
gauge the level of the output colorimetric signal that is to be expected from each batch of Au
decorated submicroparticles. Fig. 4.2 shows the optical densities (OD) at 520 nm for all the Au-
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PS particles with the same concentration. The OD values of the Au-PS with 0.46 µm PS (Au0.46PS) particles were obtained by extrapolation using twice and ten times diluted solutions. This
was necessary because the recorded OD values of the Au-0.46PS solutions were higher than the
maximum range of our equipment. Data analysis revealed that OD changes depending on the
surface coverage regardless of the core size and peaks at 50% coverage. The OD of Au-0.1PS was
the lowest, and all the Au-0.46PS showed higher values than all the Au-0.1PS and Au-0.3PS, as
expected. It is a known fact that larger particles display higher optical density values because a
larger diameter absorbs (or reflects) more light. This relationship between particle size and optical
density is supported by experimental results [121] and theoretical calculations [122].
Corroborating the OD values, the UV-vis spectrums, and the TEM images (Fig. 4.3 a-c) of Au0.46PS led to the conclusion that the particles with 50% Au coverage (50Au-0.46PS) showed most
promise in terms of expected signal output when integrated in a LFIA strip.
Once these submicroparticles were identified, they were conjugated with anti-E. coli
O157:H7 antibodies after coating with B-PEI. The amine groups in B-PEI serve as binding sites
towards the formation of covalent bonds with anti-E. coli O157:H7 antibodies. Zeta potential
measurements further confirmed surface characteristics, such as the presence of B-PEI, antibody
and BSA. The zeta potential was measured to identify the surface charge change after each step of
the material preparation process. Fig. 4.4 shows the zeta potential distribution of the 25Au-0.3PS
after each preparation step. The raw polystyrene particles have a negative surface charge (-31.6
mV, 0.3 µm PS), which shifted to a higher negative potential after Au-NP decoration (-62.9 mV,
25Au-0.3PS) due to the charge of Au-NP. The B-PEI adequately covers the surface of Au-PS, as
shown by the charge shifting from negative to positive (+44.9 mV) after this B-PEI coating. The
amine functional groups in B-PEI confer a positive charge on the surface, and can form a covalent
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bond with carboxyl groups in the anti-E. coli O157:H7 antibody. The antibody conjugation and
the BSA blocking set the final surface charge to -12.7 mV upon the BSA attachment.
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Although the maximum optical density values were recorded for 50Au-046PS, antibody
functionalized particles with all diameter and surface coverages were used in LFIA test strips for
comparison studies. Fig. 4.5-a shows the LFIA strip response after testing against 1x105 CFU·mL1

E. coli O157:H7 in 0.1M PBS solution using the Au-0.3PS and Au-0.46PS series particles. The

Au-PS particles show different intensities not only on the test line, but also on the background
membrane. The background signal effect was eliminated to compare only the color change on the
test line due to the E. coli O157:H7 detection. Fig. 4.5-b shows average gray-scale value change
on the test line that signals the presence of E. coli O157:H7 cells by indicating the antigen-antibody
interaction between Au-PS particles and the pathogen cells. The average gray-scale values (GV),
black to white are in the range of 0 to 255 for the test line, and a background GV at below the test
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line was obtained by the ImageJ program. The variation between the GV of the background and
test line was obtained by subtracting the background GV from the test line GV (Fig. 4.5-b).
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Figure 4.5. a Optical image of the LFIA strip with Au0.3PS and Au0.46PS particle series after
the 1×105 CFU·mL-1 E. coli O157:H7 detection and b changes in grayscale value on
the test line after subtraction of a background grayscale value
Gray-scale value readings comparing all LFIA test strips’ signal output when detecting E.
coli O157:H7 showed that the recorded response is lower for Au-0.1PS than for Au-0.3PS, which
is the same trend as in the case of comparing the optical density values of solutions of these
particles. However, the gap between Au-0.1PS and Au-0.3PS readings decreased from about 10
times for OD to only about 3.5 times for the LFIA test strips responses. Although the highest
optical density values were those of 50Au-0.46PS solutions, the situation is somewhat changed
when transferring to measuring the response of the test strips themselves to actual pathogen
presence.
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The strongest response signals of the test strip to the presence of E. coli O157:H7 were
equally recorded for 50Au-0.3PS and 10Au-0.46PS even though the OD of 50Au-0.3PS was lower
than that of 10Au-0.46PS. The reason behind this result can be found in the E. coli O157:H7 cell
size being much larger than the particles used in testing. In solution, larger diameter particles have
a higher optical density value. However, this effect is somewhat counterbalanced by the fact that
a larger number of Au-PS particles with a smaller diameter (50Au-0.3PS) can be attached to the
E. coli cells than the number of Au-PS particles with a large diameter (10Au-0.46PS). The signal
intensity on the test line can be different not only because of the number the E. coli O157:H7 cells
but also the Au-PS particles giving off the colorimetric signal that indicates the cells were captured.
This study used an E. coli O157:H7 concentration set at 1x105 CFU·mL-1 as a control value aiding
in understanding the origin of different signals. By keeping the pathogen concentration constant,
it is thus clear that the differences in response are mainly due to the number of Au-PS particles
and their optical properties.
On the lateral flow test strips, the 50Au-0.3PS and 10Au-0.3PS particles showed the highest
colorimetric signal response in the presence of E. coli O157:H7. Here, it is to be noted that another
set of particles, the Au-0.46PS, showed major differences of behavior when employed in the LIFA
tests compared to their optical densities in solution. The 10Au-0.46PS showed the highest response
in the LFIA test among the Au-0.46PS series, while the 25~75Au-0.46PS particles showed a
weaker signal than smaller PS particles with the same Au nanoparticle coverage levels (25~75Au0.3PS). This serves as a clue to other effects being dominant in the LFIA test design besides only
the diameter and Au nanoparticle coverage. These may include the shape or weight of the particles.
Further proof is in the fact that the trends in the control line color intensity are maintained for the
test line intensity. Specifically, the control line intensity decreased from 10 to 75Au-0.46PS
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particles, which indicates that the number of particles that were able to flow up to the absorption
pad decreased at the higher coverage from 25 to 75% of Au-0.46PS particles. The mass of 50Au0.3PS, 75Au-0.3PS, 10Au-0.46PS, and 25Au-0.46PS was calculated based on the amount of gold
salt and the latex particles used for the reduction processes, to be: 5.1x10-14, 6.9x10-14, 7.0x10-14
and 9.6x10-14 g, respectively. The maximum weight of particles effectively flowing up to the
absorption pad, might be in between the weight of 10Au-0.46PS and 25Au-0.46PS for this LFIA
strip platform. Moreover, the presence of connected particles was observed by TEM of Au-0.46PS
particles with 50~75% coverage conditions, giving clues of potential aggregation brought upon by
a high surface coverage with Au nanoparticles. It is thus possible that the heavier weight and the
complex microstructure of 25~75Au-0.46PS particles hindered their movement along the LFIA
test strip and decreased the test and control line signal intensities.
Finally, the particles showing the best performance in the LFIA test strips were 50Au0.3PS and 10Au-0.3PS. These were further used in LFIA test strip designs and tested against
standard solutions of 102~106 CFU·mL-1 E. coli O157:H7 to identify the LOD of these pathogen
detection tests. Fig. 4.8-a and Fig. 4.8-c represent the test line intensity peak areas of Fig. 4.6-b
and Fig. 4.7-b, respectively. The 50Au-0.3PS and 10Au-0.46PS showed a higher signal than all
the negative controls (0.1M PBS and 107 CFU·mL-1 Listeria) down to 1x103 CFU·mL-1 and
5x102CFU·mL-1 of the E. coli O157:H7 solution, respectively. The LOD of the LFIA strip
incorporating 10Au-0.46PS particles was confirmed to be 5x102 CFU·mL-1 from three separate
measurements. The peak areal intensity on the LFIA test line in the presence of 5x102 CFU·mL-1
E. coli O157:H7 (94.35±1.94) is three times higher than the standard deviation of the negative
controls, the 0.1M PBS solution without E. coli O157:H7 (49.25±7.6), and the 107CFU·mL-1 of
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Salmonella sv. Typhimurium (35.8±5.84), and Listeria monocytogenes (23.38±10.28). The peak
areal intensities of all negative controls originated from noise at the test line

Control

Test

l

X

106

l

X

105

l

X

104

l

X

10'

5 X 10'

E. Coli 0157:H7 CFU•mL· 1

0

1x 107
Listeria

{b)
Control

Test

Figure 4.6. a Optical image of the LFIA strip with 10Au0.46PS and b line profiles of the (a) optical
image by ImageJ program after test solution detection (0 ~ 1×106 CFU·mL-1 E. coli
O157:H7 in PBS solution, and 1 × 107 CFU·mL-1 Listeria in PBS solution)

64

Control

Test

1 X 106

1 X 105

5 X 102

lx104

E. Coli 0157:H7 CFU·mL·1

(b)
\

Control

Test

(

~

~
I
l

r

I

~

~

s

Figure 4.7. (a) Optical images of the LFIA strip after E. coli O157:H7 detection using 50Au-0.3PS
particle and (b) line profiles of the optical images by ImageJ program
Based on this LOD, we confirmed that the lateral flow tests fabricated with 10Au-0.46PS
are about 80 times more sensitive than when naked 20 nm gold nanoparticles were used in other
similar assays in literature [94, 110], and two times more sensitive than the strips with 50Au-0.3PS
tested herein. Furthermore, the OD value gap between the two sets of particles is well matched
with the differences in the signal response in the actual pathogen tests. The enhanced sensitivity
of 10Au-0.46PS is due to their optical density being higher than 50Au-0.3PS. Wang et al. reported
the LOD for E. coli O157:H7 improving from 4 × 104 to 5 × 103 CFU·mL-1 when gold nanoparticles
changed size from 20 nm to 100 nm on the LFIA strip [111]. It is generally known that the 100 nm
AuNPs have an OD that is higher than that of the 20 nm diameter particles. This is in good
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agreement with our results: the sensitivity of the LFIA test changes depending on the OD of the
particles used in the design.
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The most sensitive particles, 10Au-0.46PS, can show an even higher detection performance
when combined with a signal amplification method, such as the Au reduction method, dual gold
method etc. Therefore, we also evaluated the E. coli O157:H7 LOD when using the optimum
particle combined with an Au reduction signal enhancement method. After 20 min of LFIA
incubation with E. coli O157:H7 spiked PBS solutions of different concentrations, the membrane
was exposed to a signal amplification solution (1wt% HAuCl4 and 10mM NH2OH·HCl v/v= 1:10)
for 5 minutes, then washed with DI water. This method lowered the LOD from 5x102 CFU·mL-1
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to 1x102 CFU·mL-1 E. coli O157:H7 and in all tests the response signal was recorded to be on
average 1.44 times higher than without signal enhancement (Fig. 4.8-b).
Finally, the LFIA strips were tested on real food samples to confirm the detection limit in
more realistic conditions. The E. coli O157:H7 inoculated food samples were tested using LFIA
strips with 10Au-0.46PS particles. Various concentrations of E. coli O157:H7 and negative
controls were used. Samples of apple juice and ground beef were tested with the LFIA strips and
the culture plating method for E. coli O157:H7 detection after inoculation and homogenization.
Both food samples showed the 500 CFU·mL-1 of LOD compared to the signals from the negative
controls (Fig. 4.9-a,b). Taken together, the LFIA tests that used antibody-conjugated 10Au-0.46PS
particles are able to detect as low as 5x102 CFU·mL-1 of E. coli O157:H7 not only in 0.1M PBS but
also in real food samples (apple juice and homogenized ground beef) with perfect selectivity
against Salmonella sv. Typhimurium and Listeria monocytogenes.
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4.5

Conclusions
In this work, the relationship between the optical properties of Au-decorated polystyrene

particles used in a colorimetric lateral flow test, and the pathogen detection limit was investigated.
Decorating the surface of sub-micron polystyrene spheres with Au nanoparticles increased the
optical density and enhanced the sensitivity for the E. coli O157:H7 detection when incorporated
into a LFIA test. The antibody-conjugated Au-PS particles with 0.46 µm PS and 10% coverage
(10Au-0.46PS) showed the best sensitivity among the Au-PS particles investigated in this study.
This detection limit maintained both when testing PBS solutions, and pathogen inoculated real
food samples (apple juice and ground beef). Thus, the LFIA test with these particles for antibody
conjugation holds great potential for a sensitive colorimetric detection of E. coli O157:H7 and
other foodborne pathogens in food samples and water. A simple modification of the surface
functionalization of the particles with the antibodies that are specific for the target bacteria
transforms this design into a pathogen detection platform technology with wide applications.
Future research can include discovery of unique substrate materials that can lead to a simple and
rapid sample-to-answer colorimetric test with LOD lower than 100 CFU·mL-1 without signal
amplification.
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